Introduction
The human genetic disorder ataxia-telangiectasia (A-T) is a multi-system disease manifested by abnormalities to the immune, nervous and endocrine systems (Boder, 1985; Sedgwick and Boder, 1991) . A-T is a primary immunode®ciency syndrome involving both the cellular and humoral arms of the immune system resulting in progressive respiratory infection and bronchiostasis in some cases (McFarlin et al., 1972) . The most debilitating aspect of the disease is the progressive cerebellar ataxia manifested by ataxic gait and truncal movements, dysarthric speech and involuntary movements (Boder, 1985) . Degenerative changes in the brain occur predominantly in the cerebellum and involve primarily the loss of Purkinje and granular cells (Sedgwick and Boder, 1991) .
At the cellular level A-T is characterized by chromosomal instability (Aurias et al., 1980) , hypersensitivity to ionizing radiation (Chen et al., 1978; Taylor et al., 1975) and inecient cell cycle checkpoint activation (Beamish and Lavin, 1994; Zampetti-Bossler and Scott, 1981) . The exact cause of the radiosensitivity in A-T cells remains unknown but there is evidence that the rejoining of g-radiation-induced double strand breaks is slower in A-T ®broblasts (Coquerelle et al., 1987) . Other reports demonstrate the continuing presence of residual double-strand breaks in DNA in A-T cells at 24 ± 72 h post-irradiation (Cornforth and Bedford, 1985; Foray et al., 1997) . Intrinsic abnormalities in chromatin structure in A-T cells may also contribute to the radiosensitivity (Pandita and Hittleman, 1992) . The variety of abnormalities in A-T cells suggest that the product of the A-T gene is primarily involved in sensing damage in DNA and that the defect in break rejoining is one consequence of the gene defect . A second consequence is the reduced capacity to activate pathways involved in cell cycle control. Failure of radiation to activate the G1/S checkpoint in A-T cells is due to a defective p53 response (Kastan et al., 1992; Khanna and Lavin, 1993) , and it has also been demonstrated that this whole pathway functioning through p21/WAF1, cdk2 cyclin E kinase and the retinoblastoma protein is defective in A-T cells (Canman et al., 1994; Khanna et al., 1995) . There are also data to support a role for the p53 pathway in both the S and G2/M checkpoints . These checkpoints are also defective in A-T (Beamish and Lavin, 1994; Houldsworth and Lavin, 1980; Painter and Young, 1980) and ionizing radiation fails to inhibit cyclin-dependent kinase activity or increase the amount of p21/WAF1 associating with these kinases in either S or G2 phases . It seems unlikely that the failure of A-T cells to activate the G1/S checkpoint post-irradiation contributes to the radiosensitivity, but carrying DNA damage through S phase leads to an accumulation of cells in G2/M where they die (Beamish and Lavin, 1994) . Virtually all of the phenotype described above is reproduced in ATM null mice (Barlow et al., 1996; Elson et al., 1996; Xu and Baltimore, 1996) .
The A-T gene was initially mapped to chromosome 11q22-23 by Gatti et al. (1988) and more recently isolated by positional cloning (Savitsky et al., 1995a) . This gene, ATM, occupies 150 kb of genomic DNA and codes for a 13 kb mRNA with an open reading frame of 9.165 kb (Savitsky et al., 1995b; Uziel et al., 1996) . The ATM protein is related to a family of phosphatidylinositol 3-kinases (PI3-kinase) that are involved in cell cycle control, telomere length maintenance and sensing damage in DNA (AlKhodairy et al., 1994; Brown et al., 1994; Greenwell et al., 1995; Hari et al., 1995; Hartley et al., 1995) . ATM is localized to both the nucleus and cytoplasmic vesicles (Brown et al., 1997; Lakin et al., 1996; Watters et al., 1997) . Its nuclear localization is compatible with a role in sensing damage in DNA and the recent demonstration that ATM binds to and activates the non-receptor protein tyrosine kinase, c-Abl, provides additional support for its role in cell cycle control (Baskaran et al., 1997; Khanna et al., 1997) .
The recent cloning of full-length ATM cDNA and its utilization to correct several aspects of the radiosensitive phenotype in A-T cells provides further con®rmatory evidence that a single gene defect is responsible for the A-T phenotype Ziv et al., 1997) . In that study, induced expression of ATM from a metallothionein promoter enhanced the survival of irradiated A-T cells; decreased radiationinduced chromosome aberrations; reduced radioresistant DNA synthesis and partially corrected defective cell cycle checkpoints and induction of stress-activated protein kinase . Expression of a carboxy terminal region of ATM, which contains the PI3-kinase domain in a retroviral vector, complemented some aspects of the radiosensitive phenotype in A-T cells including radiosensitivity, radioresistant DNA synthesis and chromosomal breakage . In that study also, expression of a fragment containing a leucine zipper motif in a human tumour cell line abrogated the S phase checkpoint and enhanced chromosomal breakage. Here we describe the cloning of the full-length ATM cDNA in the antisense orientation and its utilization to abrogate various aspects of the radioresistant phenotype in normal control cells.
Results

Construction and expression of ATM anti-sense cDNA
We have previously described the construction of fulllength ATM cDNA from two fragments, a 5.9 kb partial cDNA from the 3' end of the molecule (Savitsky et al., 1995a ) and a 4.7 kb PCR fragment from the 5' end . Much the same strategy was employed to prepare a construct in the opposite orientation (Figure 1 ). These two fragments were inserted in the opposite orientation in the EBVbased vector pEBV-His-B to produce pEAT22. In order to place this anti-sense ATM cDNA under the control of an inducible metallothionein promoter, the cDNA was isolated as an XhoI ± S®I fragment and cloned into the inducible vector pMEP4 which was digested with the same restriction enzyme combination to produce pMAT2 (Figure 1 ). This construct was introduced into and stably maintained in the control lymphoblastoid cell line C3ABR, which has been well characterized in this laboratory for its response to radiation. Transfected cells expressing anti-sense ATM cDNA (pMAT2) were treated with CdCl 2 (5 mM) for dierent periods of time and extracts were immunoblotted to determine ATM protein levels. As shown in Figure 2 the amount of ATM protein was markedly reduced in pMAT2 transfected cells by 6 h induction with CdCl 2 and protein continued to be depleted by 12 h post-induction. The use of an anti-DNAdependent protein kinase antibody demonstrated that lanes were equally loaded (Figure 2) . Exposure of vector only, tranfected C3ABR cells to CdCl 2 over the same time period also failed to alter the amount of ATM protein in these cells (results not shown). L3 represents extract from a Morroccan Jewish A-T patient where the speci®c mutation is homozygous and predicted to give rise to truncated protein at amino acid 35 for both alleles (Gilad et al., 1996) . When this negative control was used no ATM protein was detected ( Figure 2 ).
Increased radiosensitivity in C3ABR cells after ATM anti-sense expression
It is well established that cells with the mutated form of ATM are hypersensitive to ionizing radiation (Taylor et al., 1975; Chen et al., 1978) . Accordingly, we investigated whether elimination of the ATM protein in control cells might lead to a radiosensitive phenotype. Radiosensitivity was determined both by measuring cell viability and levels of radiation-induced chromosome aberrations. Induction of anti-sense ATM in C3ABR cells with CdCl 2 markedly increased the sensitivity of these cells to radiation but not quite to the same extent as observed in the A-T cell line, AT1ABR ( Figure 3 ). Uninduced, transfected cells displayed a viability pattern similar to that of the parental control cell line. C3ABR, indicating that expression of the anti-sense ATM is responsible for the enhanced radiosensitivity. The data obtained are at 4 Gy but similar results were obtained at 1, 2 and 3 Gy.
Enhanced levels of chromosomal damage postirradiation are also a good measure of radiosensitivity in A-T cells (Aurias et al., 1980; Taylor, 1982) . Expression of anti-sense ATM increased the number of induced chromosome aberrations per metaphase by approximately twofold in irradiated C3ABR (Table 1) . This value, while signi®cantly raised, was somewhat below that observed in A-T cells (2.6 ± 3.2 ICA/ metaphase). Again recombinant vector in the absence of CdCl 2 induction failed to alter the level of chromosome aberrations (Table 1) .
Abrogation of the G1/S checkpoint
It is well established that A-T cells lack the ability to activate a series of cell cycle checkpoints at short times after exposure to ionizing radiation (Beamish and Lavin, 1994; Rudolph et al., 1989) . The molecular basis of this defect, at least at the G1/S phase checkpoint, appears to be due to a reduced and/or delayed activation of the p53 pathway (Kastan et al., 1992; Khanna and Lavin, 1993) . As a consequence, induction of the eector gene p21/WAF1 is defective in A-T cells (Canman et al., 1994; Khanna et al., 1995) which explains the inability to activate the G1/S checkpoint (Beamish and Lavin, 1994) . It was expected that expression of anti-sense ATM cDNA would reduce or abolish both the p53 and p21/WAF1 responses in control cells post-irradiation. The results in Figure 4 demonstrate that p53 is stabilized to the same extent by 6 Gy of radiation in untransfected or transfected (uninduced by CdCl 2 ) C3ABR cells. However, after induction of anti-sense ATM the p53 response was completely abrogated ( 
Anti-sense expression causes radioresistant DNA synthesis
Exposure of A-T cells to ionizing radiation fails to elicit the characteristic pattern of inhibition of DNA synthesis observed in other cell types (Houldsworth and Lavin, 1980; Painter and Young, 1980) . This phenomenon has been termed radioresistant or damage resistant DNA synthesis (Lavin and Schroeder, 1988) and is a universal characteristic of A-T cells. We determined whether expression of anti-sense ATM cDNA might lead to the appearance of this phenomenon in C3ABR cells. The results in Figure 5 show that Figure 1 Schematic of the cloning of full-length anti-sense ATM cDNA. The strategy involved combining a 4.7 kb PCR fragment from the 5' end of the mRNA with an overlapping 5.9 kb ATM cDNA, to generate a full-length ATM cDNA fragment. This cDNA was cloned into an EBV-based vector (pEBV-His-B) to generate pEAT22. The insert from this construct was subsequently subcloned into a second EBV-vector, pMEP4, in the opposite orientation with respect to the inducible metallothionein II promoter. This construct ws designated pMAT2 inhibition of DNA synthesis in C3ABR, with increasing radiation dose, occurs in a characteristic biphasic pattern (Painter, 1986) in untransfected C3ABR cells and this pattern of inhibition was comparable with transfected C3ABR cells without induction with CdCl 2 . However, when anti-sense ATM was expressed under the control of the metallothionein promoter a radioresistant pattern of DNA synthesis was exhibited by C3ABR cells, very similar to that in AT1ABR ( Figure 5 ).
Eect of anti-sense ATM on G2/M phase delay
While A-T cells fail to activate several cell cycle checkpoints at short times after irradiation, in the longer term cells irradiated in G1 or S phase progress to the next G2/M where they are irreversibly delayed (Beamish and Lavin, 1994) . The greater accumulation Figure 3 Survival of pMAT2 stably transfected C3ABR cells after g-radiation. Viability was determined as described in the Materials and methods. Untransfected C3ABR and AT1ABR cells were used as controls. CdCl 2 treated (+), not treated (7). Each point represents the average of duplicate experiments. Bars, s.d. The radiation dose used was 4 Gy Figure 4 Stabilization of p53 and induction of p21/WAF1 after exposure of cells to radiation. C3ABR cells and C3ABR transfected with pMAT2(+) were CdCl 2 treated for 6 h (+), not treated (7) and exposed (+) to g-radiation (6 Gy) followed by 2 h incubation. p53 and p21/WAF1 were determined by immunoblotting with anti-p53 antibody (pAB 1801, Oncogene Science) or anti-WAF1 antibody (OP-64, Oncogene Science), respectively. PCNA represents a loading control Figure 5 Examination of the rate of DNA synthesis in pMAT2 stably transfected C3ABR cells after g-radiation. The eect of radiation on the rate of DNA synthesis was measured after gradiation as described in the Materials and methods. Untransfected C3ABR and AT1ABR cells were used as controls. CdCl 2 treated (+), not treated (7). Each point represents the average of duplicate experiments. Bars, s.d.
of A-T cells in G2/M post-irradiation is a universal characteristic of these cells. We predicted that abrogation of the ATM protein in C3ABR cells would increase the extent of G2 delay in these cells. When untransfected C3ABR cells were exposed to radiation (3 Gy) delay of cells in G2/M was evident (39.4%, G2/ M) ( Figure 6 ). CdCl 2 addition to these cells did not aect the extent of delay (40.2%). A similar degree of G2/M delay was observed in transfected C3ABR cells without induction with CdCl 2 (Figure 6 ). However, when CdCl 2 was used to induce the expression of antisense ATM in C3ABR an enhancement in the extent of G2/M delay occurred (60.5%), to an extent intermediate between that of untreated C3ABR and AT1ABR cells (75.1%) (Figure 6 ).
Activation of stress-activated protein kinase
The stress-activated protein kinases (SAPK/JNK) are a family of serine/threonine kinases activated by such agents as TNFa, UV light and ionizing radiation (Derijard et al., 1994; Kharbanda et al., 1995; Kyriakis et al., 1994) . Cells derived from patients with A-T are defective in ionizing radiation-activation of SAPK (Shafman et al., , 1997 . Accordingly, we determined whether anti-sense ATM might abrogate this activation in C3ABR cells. As expected ionizing radiation caused the activation of SAPK in C3ABR cells ( Figure 7 ) and this was also the case in transfected, uninduced, irradiated cells. When ATM anti-sense expression was induced with CdCl 2 ionizing radiation failed to activate SAPK (Figure 7 ). C3ABR cells expressing anti-sense were similar to L3, an A-T cell line not expressing ATM protein (Figure 7) . CdCl 2 alone failed to activate SAPK in C3ABR.
Discussion
Expression of full-length anti-sense ATM cDNA under the control of an inducible promoter leads to the imposition of a number of defects characteristic of the A-T phenotype in normal control cells. It is evident that this eect is due to direct interference with the function of ATM, since anti-sense ATM expression leads to an almost total loss of the ATM protein by 12 h post-induction. Even at 6 h post-induction the amount of ATM is markedly reduced. It seems likely that reduction of the ATM protein even to the extent of 50% as predicted in A-T heterozygotes alters the response to ionizing radiation. While A-T heterozygotes do not exhibit any of the major symptoms of the disease, cells in culture have intermediate radiosensitivity between homozygotes and controls as determined by a series of dierent assays (Chen et al., 1978; Rudolph et al., 1989; Cole et al., 1988; Lavin et al., 1992; Rosin and Ochs, 1986; Sanford and Parshad, 1990; Scott et al., 1994; Shiloh et al., 1986) . This intermediate radiosensitivity is most likely due to reduced ATM protein since the great majority of mutations in ATM are predicted to give rise to truncated proteins (Savitsky et al., 1995a; Gilad et al., 1996; Byrd et al., 1996; Telatar et al., 1996) . Furthermore several studies using immunoblotting have failed to detect these truncated forms (Brown et al., 1997; Lakin et al., 1996; Watters et al., 1997) indicating that partial proteins are highly unstable and unlikely to act in a dominant negative fashion in A-T heterozygotes to contribute to the increased radiosensitivity in cells from these individuals. However, it is possible that near full-length protein produced as a consequence of small inframe deletions could interfere with the normal protein in some heterozygotes (Savitsky et al., 1995a; Watters et al., 1997) . Morgan et al. (1997) have recently described a parallel approach employing dominant-negative fragments of ATM containing the putative leucine zipper region (ATM-LZ). While these constructs were eective in sensitizing control cells to radiation it was assumed that this was due to interference with the function of ATM by competing for leucine zipper binding.
The anti-sense construct employed here sensitized cells to ionizing radiation when sensitivity was determined either by cell survival, induced chromosome aberrations or extent of accumulation in G2/M phase 24 h post-irradiation. The extent of sensitization fell somewhat short of that observed in A-T cells. As outlined in Figure 2 expression of anti-sense ATM had not completely depleted ATM protein, at least up to 9 h post-induction with CdCl 2 . Since these cells were Figure 6 Extent of G2 phase delay at 24 h post-irradiation. Cells were incubated with 5 mM CdCl 2 for 6 h, treated with 3 Gy of radiation, and pelleted. After resuspending in CdCl 2 free growth media, the cells were further incubated for 24 h and applied to cell cycle analysis as previously described (Beamish and Lavin, 1994) Figure 7 Activation of SAPK by ionizing radiation. pMAT2 transfected C3ABR cells were induced or mock-induced for ATM anti-sense expression with 5 mM CdCl 2 for 6 h. Cells were then treated with 20 Gy of radiation and harvested 1 h later. 1 mg of total lysate was immunoprecipitated with anti-SAPK antibody (SAPKb, Santa Cruz), and in vitro immune complex kinase assays were performed with GST-Jun (residues 1 ± 79) as substrate. The A-T cell line L3 was used as a negative control, since the mutation detected is only predicted to give rise to a 35 amino acid sized fragment exposed to radiation at 6 h post-induction (to minimize any additional killing due to CdCl 2 toxicity) this residual ATM protein would make some contribution to sensing and processing DNA damage over the remaining 3 h period. This could readily account for the dierence between A-T cells, where no functional ATM protein exists, and cells expressing anti-sense ATM. If this is the correct explanation it further supports observations with A-T heterozygotes where approximately half the amount of ATM protein compared to controls is associated with increased sensitivity to radiation (Chen et al., 1978) . The degree of sensitization which is greater in the anti-sense expressing cells shown here, is compatible with a greater reduction in levels of ATM protein than would be expected in A-T heterozygotes.
Previous data show that A-T cells are characterized by a failure to activate either the G1/S or G2/M checkpoints in the ®rst several hours after radiation exposure (Beamish and Lavin, 1994; Nagasawa and Little, 1983; Scott and Zampetti-Bossler, 1982) . In the case of the G1/S checkpoint the molecular nature of this de®ciency has been extensively studied. A defect in the stabilization of p53 by ionizing radiation is characteristic of A-T cells (Kastan et al., 1992; Khanna and Lavin, 1993; Lu and Lane, 1993) . Indeed the whole radiation signal transduction pathway operating through p53, its eector gene WAF1 and gadd 45 as well as the inactivation of cyclin E cdk2 is hyporesponsive in A-T cells (Canman et al., 1994; Khanna et al., 1995) . We have shown here that antisense ATM cDNA can abrogate the G1/S checkpoint in control cells, as evidenced by the failure of radiation exposure to stabilize p53, and lead to the induction of p21/WAF1 above basal levels. This observation is of interest since the use of a dominant negative fragment containing only the leucine zipper of ATM (ATM-LZ) did not block p53 induction or inactivate the G1/S checkpoint in response to DNA damage . ATM-LZ is thus capable of dissociating the radiosensitization/chromosomal breakage from the cell cycle checkpoint detector presumably because of its ability to compete for proteins involved in cell survival through a leucine zipper interaction. Mediation of cell cycle checkpoint control by ATM would appear to involve other domains in ATM such as the PI3-kinase domain (Savitsky et al., 1995a) or the recently described proline rich region which has been shown to be important for interaction with a cell cycle control protein, the protein tyrosine kinase, c-Abl (Baskaran et al., 1997; Khanna et al., 1997) . Clearly abrogation of the ATM protein, presumably as a consequence of ATM mRNA destabilization by the anti-sense cDNA, would be expected to have a broader eect on the cellular phenotype as observed here.
In summary we have shown that reduction of ATM in control cells by anti-sense cDNA sensitizes these cells to ionizing radiation. This is a speci®c eect since it is correlated with loss of ATM and induces six individual characteristics of A-T cells in controls. This observation is important since it has been demonstrated by several groups previously that manipulation of the radiosensitive phenotype can be achieved by altering the expression of genes that are unrelated to ATM in structure or in function Meyn, 1993; Ziv et al., 1995) . However, in none of these reports was all aspects of the A-T radiosensitive phenotype corrected. The results reported here together with the data of Morgan et al. (1997) where functional domains of ATM were used to explore the radiosensitive phenotype in A-T provide useful approaches to delineating the pleiotropic functions of the ATM protein.
Materials and methods
ATM antisense construct pMAT2
In order to clone the full-length ATM cDNA in the reverse orientation, with respect to the pMEP4 (Invitrogen) inducible promoter, it was necessary to construct the pEAT22 plasmid. pEAT22 was constructed essentially in the same manner as pEAT11 . The 5' region of ATM was PCR ampli®ed using the forward primer (5'-CGGGCTGACCCTTCCGAGTGCAGT-GAG-3'), in which a SalI site was incorporated, and the reverse primer (5'-CAACATGGTCAGGAAAAGGATC-3'), generating a 4.7 kb PCR fragment. The plasmid pATM7.9 provided the 3' region of the ATM gene . The PCR ampli®ed 4.7 kb ATM fragment and pATM7.9 were double digested with SalI/ KpnI and KpnI/XhoI respectively. The two fragments were ligated to each other and the resulting 9.6 kb full-length fragment was cloned into the XhoI site of pEBV-His-B (Invitrogen) which was designated pEAT22. The ATM gene was subsequently sub-cloned into the EBV-based inducible vector pMEP4 (Vousden et al., 1993) by digestion of both pEAT22 and pMEP4 with S®I and XhoI. The ATM plasmid construct generated was designated pMAT2, which contains the ATM cDNA in the opposite orientation to the inducible hMTIIa promoter carried in the vector. E coli strain Top10 (Invitrogen) was used for the propagation of ATM cDNA.
Cell culture
All the cells used were EBV-transformed lymphoblastoid cells. C3ABR is a normal lymphoblastoid cell line and AT1ABR and L3 are both A-T lymphoblastoid cells. AT1ABR produces a near full-length ATM protein with a deletion of three amino acids (2546 ± 2548) upstream of the PI3-kinase domain (Savitsky et al., 1995a) . L3 is a cell line established from a North African Jewish A-T patient with a C : T transition at nucleotide 103 of the ORF resulting in a stop codon at position 35 of the ATM protein (Gilad et al., 1996) . The cells were cultured in RPMI-1640 medium supplemented with 10% FCS under an atmosphere of 5% CO 2 . Transfected C3ABR cells were cultured in the same medium containing 0.2 mg/ml of hygromycin. Induction of antisense ATM expression in pMAT2 transfected C3ABR cells was carried out using 5 mM CdCl 2 .
Transfection of human lymphoblastoid cells
Transfections of EBV-transformed lymphoblastoid cells were carried out as described previously . Brie¯y, 2610 6 exponentially growing cells were pelleted, rinsed twice with FCS-free medium (Opti-MEM, BRL) and resuspended in 1 ml of OptMEM medium containing 6 mg of plasmid DNA and 20 mg of Lipofectin (BRL). After incubation for 6 ± 7 h at 378C, 4 ml of serum containing RPMI-1640 medium was added and the cells were further incubated. Selection for hygromycin resistant cells was initiated 48 h post-transfection with hygromycin B (Boehringer Mannheim) at a concentration of 0.2 mg/ml. Stably transfected cells were obtained 3 weeks post-transfection.
Viability of cells post-irradiaton
Cells were induced or mock-induced with 5 mM CdCl 2 for 6 h and irradiated with 4 Gy of g-rays. After irradiation, the cells were pelleted, suspended in RPMI-1640 medium and plated at 2610 5 /ml in culture plates. Cell viability was determined by adding 0.1 ml of 0.4% trypan blue to a 0.5 ml cell suspension . The number of viable cells was counted daily up to 4 days post-irradiation.
Radiation-induced chromosome aberrations
Cells were induced or mock-induced with 5 mM CdCl 2 for 6 h and immediately irradiated with 1 Gy of g-rays. For G2 phase cells, colcemid (®nal concentration 0.1 mg/ml) was added immediately after irradiation, 1 ± 2 h prior to harvesting. The cells were treated for 15 min in 0.075 M KCl, ®xed in methanol-glacial acetic acid (3 : 1) and spread on glass slides. The cells were then stained with Giemsa. Fifty metaphases were analysed for each sample and induced chromosome aberrations (ICA) determined .
[
H]Thymidine incorporation assays
A volume of 150 ml of exponentially growing cells (about 8610 5 cells) was added to a well of a 96-well microtiter plate. The cells were induced or mock-induced with 5 mM CdCl 2 for 6 h and irradiated at 0, 2, 5, 10, 20, 30 Gy of gradiation.
3 H]thymidine (Dupont-NEN, NET027X) (1 mMCml) was diluted 1 in 250 in RPMI-1640 medium and 50 ml (0.2 mCl) was added to the irradiated cells and incubation continued for a further 2.5 h at 378C. Cells were than harvested onto glass ®bre-mats (Pharmacia) using an automatic cell harvester (Beta-plate-Pharmacia) and the dried ®lters were scintillation counted. Triplicate wells were sampled for each dose in two separate experiments.
Western blotting
Cells were harvested by centrifugation and lysed in RIPA lysis buer (50 mM Tris, pH 7.6, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, 0.1 mM sodium ortho-vanadate, 0.1 mM PMSF, 5 mg/ml leupeptin, 1 mg/ml aprotinin). Total protein concentration of cell extracts was determined by the Bradford assay. Protein extracts (80 mg) were solubilized in 16SDS-sample buer (50 mM Tris-HCl, pH 6.8, 100 mM DTT, 2% SDS, 0.1% Bromophenol blue and 10% glycerol) denatured and separated on 5% polyacrylamide gels (monomer to crosslinker ratio 100 : 1) with a 3% stacking gel for ATM and 12.5% for WAF1. Following electrophoresis, proteins were transferred to PVDF membranes (DuPont) as described previously . The ®lters were blotted in 5% skim milk overnight and then probed with ATM, p53 or p21/WAF1 antibodies and visualized using the ECL method (Amersham). Densitometric scanning was used to quantify ATM protein. Anti-DNA-PKcs (DPK1) antibody was provided by Susan Lees-Miller, Calgary and was used to control for loading in ATM gels.
SAPK/JNK assay
GST-Jun (residues 1 ± 79) was used as a substrate to measure activation of SAPK. Cells were treated or mocktreated with 5 mM CdCl 2 for 6 h, irradiated with 20 Gy of radiation and incubated for 1 h. Cells were lysed in universal immunoprecipitation buer and 1 mg of total cell lysate was immunoprecipitated with anti-SAPK antibody (SAPKb, Santa Cruz). Immune complex kinase assays were performed by incubating the resulting protein complexes in kinase buer (25 mM Tris-HCl, pH 7.4, 10 mM MgCl 2 , 1 mM MnCl 2 , 0.5 mM DTT, 10 mM ATP), with 5 mg of GST-Jun, 5 mCi [g-32 P]ATP for 30 min at 258C and analysed by 12% SDS ± PAGE.
